AP-1 proteins are members of the basic leucine zipper (bZIP) protein family of dimeric transcription factors, responsible for controlling many integral cellular processes. These proteins form dimers with each other, and their aberrant expression can lead to a number of cancer types. The oncogenic transcription factor AP-1 binds its target TRE site (5'TCA[G/C]TGA), however the physical mechanism of how this is achieved is not understood. Such an understanding is essential to know how these proteins function, and could offer the potential to uncover new drug targets. The archetypal AP-1 complex is formed by cFos and cJun, which heterodimerise via their bZIP domains. Here, we set out to investigate how these proteins interact with DNA using a real-time single molecule fluorescence imaging approach. Using DNA tightropes as a substrate, we determine that the AP-1 bZIP dimers cJun:cFos and cJun:cJun rapidly scan DNA using a 1D diffusional search with an average diffusion constant of 0.14 µm 2 s -1 and 0.26 µm 2 s -1 respectively. Remarkably, we also found that cFos was able to bind to and diffuse on DNA (0.29 µm 2 s -1 ) both as a monomer and homodimer. Periods of diffusion were punctuated by pauses, suggesting a mechanism for how AP-1 may rapidly find its target sites on DNA. Taken together the results we have obtained indicate a considerably more complex and graded interaction between cFos, cJun and DNA than has been reported previously.
Introduction
Activator Protein 1 (AP-1) is a group of dimeric transcription factors composed of members of the Jun, Fos and ATF protein families (1) . Individual AP-1 proteins possess leucine zipper regions for dimerization and basic regions for DNA binding, a motif common to all bZIP proteins (2, 3) . bZIP proteins in general are capable of forming homo-and hetero-dimers, which increases the diversity of function from a limited number of proteins. Such functions identified for AP-1 complexes include cell proliferation, differentiation, repair, and response to stress (1, (4) (5) (6) (7) . These complexes are involved in immediate-early gene pathways (8) , allowing rapid modulation of transcriptional profiles in response to stressors such as viral infection (9) . Furthermore, AP-1 complexes have been strongly implicated in the development of cancer (10) (11) (12) ; and aberrant expression or activity of AP-1 proteins leads to uncontrolled proliferation and angiogenesis in tumours (13) . Therefore, understanding how AP-1 binds DNA has significant value for the development of novel cancer therapeutics (14, 15) .
The archetypal and most well-studied AP-1 complex is the cJun:cFos heterodimer, which binds and activates transcription at the 12-O-tetradecanoylphorbol-13-acetate (TPA) response element (TRE), with a 7 bp consensus sequence TGA[G/C]TCA (2, 16) . cJun:cFos is also capable of binding the 8 bp consensus sequence TGACGTCA from the cyclic-AMP response element (CRE), with a similar reported affinity to TRE (17, 18) . These AP-1 binding sites have been largely deselected from the mammalian genome except in specific promoters, which often contain more than one binding site (19) . In the absence of cFos, cJun has been shown to homodimerize and bind TRE/CRE sites with a lower affinity (2, 20) , but nonetheless activate transcription (21) . Several previous studies have suggested that cFos is incapable of homodimerization and binding DNA, due to poor interaction dynamics within the leucine zipper (2, 14) . While isolated cFos leucine zippers have been shown to display a weak unstable interaction (22) , cFos has been defined as a DNA-binding protein and transcription factor only in the presence of cJun (23) , which brings significant additional hydrophobicity to the leucine zipper core. Despite this, a recent in vivo study has revealed that cFos may be able to form homodimers (24) .
In this study we address the diversity of complexes formed between cJun and cFos using direct single molecule imaging. By differentially tagging AP-1 proteins with quantum dots (Qdots) and visualizing their interaction on DNA tightropes (single DNA molecules suspended between 5-micron high platforms), we are able to determine which complexes form and their relative prevalence. As expected, cJun was observed to form homodimers and to heterodimerise with cFos. However, cFos was unexpectedly found to bind DNA tightropes in the absence of cJun, both as monomers and dimers. This provides confirmatory evidence that cFos can bind DNA independently of AP-1 partners, indicating the existence of a new and potentially important member of the AP-1 transcription factor family. In addition, our approaches provide quantitative characterisation of the target search mechanisms employed by each protein combination (25, 26) . These physical properties affect their search capabilities, and we also suggest a mechanism for the differential affinities for target and nontarget sequences.
Materials and Methods

Synthesis of cFos and cJun
Protein sequences 137-193 and 252-308 from human cFos (UniProt code -P01100) and cJun (UniProt code -A0A510GAI3) respectively were synthesized with a C-terminal biotin. Peptides were synthesized by Protein Peptide Research Ltd, Eastleigh, U.K. Correct masses were verified by electrospray mass spectrometry. cFos and cJun refer to the bZIP domains only and do not include transactivation or other domains.
Single Molecule DNA Tightrope Assay
Unmodified bacteriophage Lambda DNA (NEB) was used in all assays. Lambda DNA is 48,502 bp and contains 8 TRE and 1 CRE consensus sites along its length.
Flow cells and DNA tightropes were constructed as described previously (26) . All experiments were performed in a buffer composed of 150 mM KCl, 50 mM Tris and 10 mM MgCl2 (pH 7.5), termed HSABC.
Protein Conjugation
To enable fluorescence imaging, biotinylated proteins were conjugated with streptavidin-tagged Qdots, specifically Qdot 655 and Qdot 605 (Thermo Fisher). Proteins were incubated at a concentration of 100 nM in HSABC with 200 nM Qdots for a minimum of 20 minutes on ice. Proteins were then diluted to 2 nM (4 nM Qdots) and applied to DNA tightropes. In homodimer experiments, Qdots were premixed and then applied to proteins to allow an equal chance of the protein conjugating with either colour Qdot. In heterodimer experiments, cJun and cFos proteins were conjugated separately, then mixed together at a concentration of 2 nM each. The mixture was heated to 42°C for 10 minutes to permit monomer dissociation, then cooled to room temperature for at least 10 minutes to enable reselection of dimeric partners. This was based on previously determined dimer melting temperatures (23) .
Microscopy
Visualisation of DNA tightropes was performed using a custom-built oblique angle fluorescence microscope at room temperature (20 o C) as described previously (26) . Fluorescence excitation was achieved using an Oxxius 488nm laser at 5 mW, guided into the microscope at a sub-critical angle to generate a far-field. Images were captured using a Hamamatsu ORCA-Flash4.0 V2 sCMOS camera at 10 Hz after colour splitting through an Optosplit III (Cairn Research Ltd). The three colour channels were 500-565 nm, 565-620 nm and 620-700 nm and the pixel resolution was measured as 63.2 nm.
Image analysis 60 second videos were collected at a frame rate of 10 fps using 1x1 binning. A custom ImageJ macro was used to fit kymographs of individual Qdots to a 1D Gaussian distribution (available from kadlab.mechanicsanddynamics.com). The resulting data were used to calculate the mean squared displacement (MSD, see (27)), which were subsequently fitted (Microsoft Excel's solver) to obtain 1D diffusion constants (D) and diffusive exponent values (α). To do this, 10-20% of the data was used to create linear (time vs MSD) and logarithmic (log-time vs log-MSD) graphs. A linear trendline was applied to the logarithmic graph and the data was only used if the R 2 was above 0.9. For these datasets a linear trendline was then applied to the linear graph, if the trendline had an R 2 above 0.9, the signal was classified as randomly diffusing, whereas if the R 2 was below 0.9, the kymograph was classified as pausing. The 1D diffusion constant represents the diffusivity of a molecule on DNA; a higher value indicates more rapid diffusion. The diffusive exponent value reveals the diffusive behaviour of a molecule, a value of 1 represents a random walk, below 1 can be caused by pausing, and above 1 represents directed motion (28) . All errors are reported as standard error of the mean (SEM), and were calculated based on the number of flow cells rather than the number of molecules tracked (n = 50). To achieve 50 analysable tracks several hundred molecules needed to be imaged and analysed, since only high quality kymographs could be used.
Static molecules were classified as follows. A set of 10 kymographs were selected which showed no significant movement along their tracks, i.e. did not deviate more than two pixels from their start point in 60 seconds. Diffusion constants for these kymographs were calculated and averaged, yielding a threshold of 6.97 x10 -5 µm 2 s -1 . Molecules with diffusion constants below this threshold were classified as static and omitted from diffusion dynamics calculations.
Qdot blinking
The Gaussian kymograph fitting algorithm used above would also attempt to fit frames with only the background fluorescent signal, i.e. during Qdot blinks. When doing so, fits with visible blinks were found to be consistently poor with the quality parameter R 2 <0.7, compared with >0.9 for accurate fitting. Using this criterion, we filtered the fits to determine number and duration of blinks. The average length of a blink in these experiments was 1.48 ± 0.089 frames or 0.148 seconds.
Results
Quantification of AP-1 behaviour on DNA tightropes
To study the DNA binding and search mechanisms of AP-1 peptides we conjugated the bZIP regions of cJun and cFos with Qdots to provide bright and photostable fluorescence emission. These proteins were then incubated with DNA tightropes; single DNA molecules suspended between surfaceimmobilised beads, and imaged using fluorescence microscopy ( Figure 1A ; (25, 26) ). We studied both single colour and dual colour labelled AP-1 proteins in these experiments, since it is well established that they form dimers (2, 29) . Figure 1B shows clear binding of cJun to DNA at 2 nM, and its motion is revealed as a kymograph in Figure 1C . Fitting MSDs obtained from the kymographs (see methods) provided values for the average diffusion dynamics. For cJun the diffusion constant and diffusive exponent were 7.5 ± 3.9 x 10 -3 µm 2 s -1 and 0.8 ± 0.09 respectively. This value includes the presence of Qdots, which increase the hydrodynamic drag of a diffusing molecule. We corrected for the presence of Qdots by taking into consideration the friction of the protein moving on the DNA (termed energy barrier here). Details of this calculation are provided in the supplementary information and (27, 30) . We calculated an average energy barrier of 1.1 ƙT, which gives a diffusion constant for cJun alone of 0.26 ± 0.13 µm 2 s -1 .
Unexpectedly, we were also able to detect the binding of cFos to DNA. The average diffusion constant for cFos was similar to cJun at 8.4 ± 4.1 x 10 -3 µm 2 s -1 and the diffusive exponent was 0.69 ± 0.099. Correcting for the Qdot as above for cJun, the diffusion constant for cFos was 0.29 ± 0.14 µm 2 s -1 with an energy barrier of 1.0 ƙT. The remarkable observation of cFos binding to DNA prompted us to investigate its stoichiometry of binding using dual colour labelling. Qdots (655 nm and 605 nm) were premixed prior to cFos conjugation to allow an equal chance of a protein binding either coloured Qdot. The expected proportion of dual colour signals for homodimer formation would be 50%, since 25% of the molecules would dimerise with Qdots of the same colour. Surprisingly only 15% ± 1.9 of cFos molecules bound to DNA as dual coloured entities, suggesting that a sizeable proportion of observed cFos molecules were bound to DNA as monomers ( Figure 2 ). To ensure that this was not an artefact of labelling we also studied the occurrence of dual colour signals for cJun. We found 47% ± 1.3 were dual coloured consistent with 100% of the DNA-bound entities being dimers; additionally, this confirms that one Qdot binds per protein and does not interfere with dimerization. 
Figure 2: Pie charts indicating the proportion of dual and single colour signals observed for cJun and cFos. Proteins were conjugated with mixed Qdots 655 and 605. A population of 100% homodimers would be expected to exhibit a proportion of 50% dual colour signals. A proportion of less than 50% dual colour signals indicates the presence of monomers (n = 638 cJun, 597 cFos, 3 flow cells for each).
Therefore, cJun forms nearly 100% dimers whereas cFos is predominantly monomeric.
Using Qdot Blinking to Determine Oligomeric State
Dual colour imaging suggests that cJun binds predominantly as a dimer, but for cFos fewer dimers were seen. Since 15% of molecules were dual coloured and therefore dimers, this would mean that 15% of the single coloured molecules were also dimers. Therefore, 70% of the total DNA-bound molecules were cFos in the monomeric form. Due to the photophysical properties of Qdots that result in non-uniform fluorescence emission (31), it is not possible to determine the proportion of single coloured dimerised complexes using fluorescence intensity. Instead, analysis of Qdot blinking was used as an indication of the oligomeric state. The chance of a molecule dropping to a completely dark state will be reduced if there are two Qdots present since the probability is the square of that from a single Qdot, resulting in 'fluorescence redundancy'. The number of blink events were calculated from 50 kymographs (using Qdot 655 conjugates only) and displayed as a histogram (Figure 3 ). 58% of cJun kymographs exhibited between 0 and 4 blinks, compared to 20% for cFos. The histogram also displays a prominent peak between 9 and 12 blinks for cFos but not for cJun. This implies the presence of 2 populations: dimers with few blinks, and monomers with a greater number of blinks. The average numbers of blinks for cJun and cFos were 3.24 ± 3.48 and 10.58 ± 3.53 respectively, consistent with our inference of the presence of cFos monomers in the dual-colour experiments (Figure 2 ).
Figure 3: Analysis of quantum dot blinking to determine complex stoichiometry. The percentage occurrence of quantum dot blinks per kymograph for cJun (solid lines) and cFos (dashed lines) were plotted as a histogram. The dominance of zero for cJun indicates homodimer formation i.e. fluorescence redundancy of two Qdots. By contrast, cFos peaks at ~12 blinks per kymograph confirming the presence of monomers. All kymographs were identical in duration (60 s), n = 50 for each protein, 5 flow cells for cJun, 10 flow cells for cFos.
Observation of cJun:cFos Heterodimers on DNA
The leucine zipper of AP-1 mediates the ability of constituent proteins to dimerise, which in turn affects their function in vivo. We set out to image the formation of these heterodimers on DNA directly, by using dual colour imaging. Proteins were independently conjugated with different coloured Qdots, then mixed together at 2 nM before imaging on DNA tightropes ( Figure 4A and B) . The least prevalent signal (12%) detected was cJun:cFos, compared with cJun (57%) and cFos (31%) ( Figure 4C ). This was surprising because cJun:cFos has been previously shown to bind AP-1 sites at a greater affinity than cJun homodimers (2) . Additionally, cJun:cFos has been shown to form a more thermodynamically-stable complex than cJun:cJun or cFos:cFos (14, 23) .
In addition to studying dimerization we were also able to measure the diffusional dynamics of this heterodimeric complex. From a total of 50 dual-colour cJun:cFos kymographs an average diffusion constant was measured as 4.0 ± 2.6 x 10 -3 µm 2 s -1 . The heterodimer's average diffusive exponent value was 0.71 ± 0.15, similar to cFos (0.69). As explained above, for the individual proteins we again corrected the diffusion constant for the presence of Qdots to 0.14 ± 0.09 µm 2 s -1 , with a diffusional energy barrier of 1.8 ƙT. 
Discussion
The dimeric AP-1 transcription factor family control gene expression by binding specific promoter sequences. Using single molecule fluorescence imaging we have determined how homodimers and cJun:cFos heterodimers form on DNA. Surprisingly, we also detected the binding of cFos to DNA. Using a combination of dual colour imaging and blink analysis, we determined that cFos bound predominantly to DNA as monomers. This has not been previously reported and is in contrast to cJun, which bound exclusively as homodimers. In addition to determining binding stoichiometry, we have also determined how these complexes search for their target sites by imaging their positions through time.
cFos binds DNA as a monomer
The binding of cFos to DNA has not been definitively determined; the majority of preceding studies have used electrophoretic mobility shift assays to indicate that cFos does not interact alone with DNA (2,23). However, a recent study using FRET in live cells showed cFos binds DNA as a homodimer. Here, we were able to detect cFos interacting with DNA using direct single molecule imaging. Our studies show that cFos not only binds in homodimeric form to DNA as shown previously (24) but also as a monomer. Data from dual colour analysis suggests ~30% of cFos forms dimers. Using blink analysis (Figure 3 ), we show that in the first histogram bin 58% of kymographs show blinks, this compares with 20% for cFos. If we assume that the first bin corresponds to 100% dimers, as indicated for cJun in Figure 2 , then cFos has ~1/3 the dimers of cJun, i.e. 33%; this estimate compares well with that obtained from the dual colour data (30%). The existence of monomeric DNA-bound cFos has not been reported previously, and would not be detectable using for example the FRET modality of the Szalóki study (24) . Interestingly, our data suggest that the majority of cFos-DNA interactions occur from monomeric cFos ( Figure 2 ). Perhaps one reason why this interaction between cFos and DNA has not been reported is that during EMSA studies the proteins are exposed to conditions of high shear within a gel. Transient dissociations are exacerbated by the passage of the protein/DNA through the gel; equally however, protein-DNA interactions are enhanced during single molecule experiments due to rapid rebinding (32) . Together, this may explain why single molecule approaches are more sensitive to such binding.
The binding of monomeric bZIP domains to DNA has been suggested previously (33, 34) . Kohler and Schepartz (2001) inferred that AP-1 prefers a pathway in which cJun and cFos bind DNA as monomers and dimerise on DNA. Our data would support such a model for the case of cFos, however for cJun we only observe dimers on DNA, although this does not preclude rapid dimerization on a timescale faster than our observation time.
The motile behaviour of AP-1 complexes on DNA tightropes reveals pausing
True random walks exhibit a linear relationship between time and their mean square displacement (MSD), therefore α in the equation below will be one.
= 2
Where D is the diffusion constant, t is time and α the diffusive exponent. Pausing on DNA upon recognition of specific binding sites is one origin of non-linearity in the MSD vs time relationship (28, 35) . By quantifying the quality of the linear relationship with MSD (see methods), we were able to partition tracks into pausing and randomly diffusing populations (Figure 5a ). From this analysis, we found 26% of cJun kymographs showed pauses, compared to 44% for cFos and 54% for cJun:cFos ( Figure 5A ). The selection of pausing versus randomly diffusing kymographs was confirmed by calculating their diffusive exponents, which were significantly lower (p ≤ 0.001) for paused in all cases ( Figure 5B ). The observed difference in motility indicates that cJun was more able to randomly diffuse on DNA, while cFos and the heterodimer had a greater number of pauses. This observation suggests that cFos, in a dimer with cJun, imparts a greater pausing propensity to the heterodimeric complex. This is surprising given that they bind identical recognition sequences, therefore the cFos DNA binding domain interacts distinctly from cJun and increases the interaction energy of the whole complex. Further studies to incorporate specific cognate sequences in the absence of even near-cognate sequences (16) are underway to provide more details on the energetics of these interactions. The transient nature of transcription factor association (36) could mean these proteins have evolved for temporary interactions that, like other DNA complexes (37) , require further partners to enhance binding. In such a way, proteins can initiate a response only when necessary, reducing promoter misfiring. The role of cFos in binding a target site appears to be important within a heterodimer with cJun, however, cFos binding to DNA alone also shows substantial pausing suggesting that the target half-site is enough to trap cFos. Why would monomeric cFos associate with DNA? Would this activate or repress transcription? Perhaps its inability to form homodimers and its propensity to bind half-sites keeps it in the proximity of a promoter such that it is ready to bind an alternative AP-1 partner. Given the ability of cJun to form homodimers, this mechanism may allow a rapid partner swap when cFos is brought to the nucleus.
The data presented in this study indicates that the interactions between DNA and the AP-1 proteins are more nuanced and complex than a simple switch. Rather, multiple heterodimeric and homodimeric partners can exist at the same time and their aggregate effects need to be considered, and no doubt controlled. Surprisingly, we also observe significant numbers of cFos monomers bound to DNA. However, their role is uncertain, do they activate transcription or are they in wait for the right partner? This study sheds new light on a protein complex that lies at the heart of transformation. We have a clearer view of the complexity of this system, and with this understanding we can begin to develop and design better inhibitors capable of selectively targeting the desired species.
